Introduction: Iron overload is the primary cause of mortality and morbidity in thalassemia major (TM) despite advances in chelation therapy. The aim of this study was to compare the effectiveness and safety of deferasirox (DFX) and deferoxamine (DFO) as iron-chelating agents in patients with transfusion-dependent β-thalassemia major.
Introduction
Beta-thalassemia major (β-TM) represents a major public health problem in Egypt (1) . Patients who require regular blood transfusions accumulate iron at a rate of approximately 0.5 mg/kg/day (2) . This excess iron is deposited in body organs, including the heart, liver, and endocrine glands, and it can cause damage to these organs (3) . The iron loading depends on the volume of blood transfused and the amount of iron absorbed from the gut (4) . The increased absorption of gastrointestinal iron is mediated by the down-regulation of hepcidin and up-regulation of ferroportin (5) . Iron chelation therapy remains one of the main objectives of clinical management of the patients affected by TM (6) . Morbidity and mortality are linked closely to the adequacy of chelation. Recent evidence has shown that TM patients can experience improved survival rates and enhanced quality of life by normalizing the iron concentrations in their bodies. Such normalization also can prevent new morbidities and may even reverse specific complications that may have occurred (7) . Different clinical parameters are used to assess body iron burden and response to therapy with serum ferritin levels as the laboratory parameter most often used. In general, sustained ferritin levels above 2500 μg/L are associated with organ toxicity and death (8) . Ferritin is an acute phase reactant; its serum level may be disproportionately greater than the degree of iron loading in infections, inflammatory states, liver dysfunction, and malignancies. Conversely, it is low in the presence of vitamin C deficiency. Despite its limitations, serum ferritin remains an easy, economic, and widely used indicator of chronic iron load (7) . It has been shown to be more convenient than liver iron concentration by either liver biopsy, superconducting quantum interference device, or magnetic resonance imaging (9) (10) (11) . Worldwide, the available chelators are deferoxamine (DFO), deferasirox (DFX) and deferiprone (DFP) (12) . DFO was the first iron chelator introduced into clinical practice. Despite its effectiveness, the use of DFO is associated with significant challenges that can lead to noncompliance (13) . In large randomized studies on TM, DFX has been shown to have an efficacy similar to DFO with regard to the reduction in liver iron concentration and serum ferritin levels (14, 15) . Nevertheless, some patients fail to respond adequately to monotherapy with any of these agents (16) . Comparative effectiveness trials may help to determine the ideal strategy for treating various scenarios of organ-specific iron loading. Consequently, the purpose of this study was to compare the efficacy and safety of deferasirox and deferoxamine as iron-chelating agents in patients with transfusiondependent β-thalassemia major.
Material and Methods

Study design
This prospective, randomized, phase 3 study was conducted at the out-patient pediatric hematology clinic of AlHussein University Hospital, Al-Azhar University, Cairo, Egypt, during the period from September 2014 to September 2015. The study was approved by the local Ethics Committee. Informed parental consent was obtained prior to their children being enrolled in the study.
Study population
The study included 60 patients with transfusion-dependent β-TM. The patients' ages were ≥ 6 years, and they had serum ferritin levels greater than 1500 µg/L and were on irregular subcutaneous DFO chelation therapy. We excluded patients with serum creatinine above the upper age-related normal range, significant proteinuria (urinary protein/creatinine ratio > 1.0 in a non-first-void urine sample at baseline), elevated alanine aminotransferase (ALT) more than three-fold of the upper limit of normal, gastrointestinal diseases, clinically relevant auditory and/or ocular toxicity related to iron chelation therapy, cardiac disease, and/or serious adverse events with DFO or DFX, and absolute neutrophilic count < 1500/mm 3 or platelet count < 100,000/mm 3 . All patients were maintained on regular packed red cell transfusion at a dose of 10 mL/kg/session. The frequency of transfusion sessions was individualized for each patient according to the patient's clinical condition; the time between sessions was 2-6 weeks. Following a 7-day washout phase, the patients were randomized in a 1:1 ratio based on permuted blocks to receive deferasirox (DFX) or deferoxamine (DFO) for one year. DFX was administered orally as a single daily dose of 20-40 mg/kg/day on an empty stomach after dissolution in water, apple juice, or orange juice to assure adequate bioavailability (17) (18) (19) . The starting dose of DFX was individualized based on the frequency of blood transfusions (15) . DFO was administered at 20-50 mg/kg/day via subcutaneous infusion over 8-10 hours, five days per week.
Methods
Initially, comprehensive histories were taken for all cases, including age, gender, duration and frequency of blood transfusions, and chelation therapy (type, duration and compliance with the treatment regimen). Thorough physical and clinical examinations were performed. Baseline laboratory data were recorded, including a complete blood count; levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea and serum creatinine; hepatitis B surface antigen, and hepatitis C antibody. In addition, audiometry and ocular examinations were done. Iron overload as determined by serum ferritin level has been established as an effective method of measuring iron overload, and it is more convenient than liver iron concentration by either liver biopsy, superconducting quantum interference device, or magnetic resonance imaging (9-11).
Assessment
The efficacy of chelation was assessed by change in serum ferritin from baseline and after 12 months of therapy. Safety was evaluated by clinical and laboratory monitoring of adverse effects at each transfusion visit, including complete blood count, serum transaminases, serum creatinine, blood urea, and urinary protein excretion. History of gastrointestinal disorders (anorexia, nausea, vomiting, upper abdominal pain, and diarrhea), local skin reactions (hardness, swelling, redness, and soreness), and rash or other symptoms were checked. Repeat audiometry and Page 2427 ocular examinations were performed at the end of the study. Study medications were dispensed during regular study visits with strict follow-up. During the study, we kept records of all dosages administered, all study medications that were dispensed and returned, and intervals between visits to determine compliance with the treatment. The patients' parents were instructed to contact the investigator if the patients were unable to take the study drug as prescribed. The transfusional iron intake during the study period was calculated according to Porter (19) . DFX dose adjustment was based on continuous assessment of safety markers including changes in serum creatinine, urinary protein: urinary creatinine ratio, liver function tests, development of skin rash, auditory and ocular disturbances, cytopenias and hypersensitivity reactions (14) . The risk of the adverse effects associated with DFO was minimized by maintaining the ratio of the mean daily dose of deferoxamine (mg/kg) to the serum ferritin level (µg/L) at less than 0.025 (20) , calculated for each patient every six months.
Endpoints
The primary endpoint was the decrease in the serum ferritin level to less than 1500 μg/L. Secondary endpoints were the safety of the drugs that were used.
Statistical analysis
Statistical analysis was done using IBM© SPSS© Statistics, version 22 (IBM© Corp., Armonk, NY, USA). Numerical data were expressed as mean and standard deviation or median and range, as appropriate. Qualitative data were expressed as frequency and percentage. Chi square test and Fisher's exact test were used to examine the relation between qualitative variables. For quantitative data, the two groups were compared using the independent samples t-test or Mann-Whitney test. All tests were two-tailed. A p-value < 0.05 was considered significant. Table 1 demonstrates the demographic and baseline clinical characteristics of the studied groups, showing comparable characteristics between the two groups, including age, weight, gender distribution, years of blood transfusion, baseline hematologic parameters, and renal functions; and significantly higher rates of splenectomy (p < 0.001), hepatitis C (p = 0.005), and serum levels of Alanine transaminase (ALT) (p < 0.001) and Aspartate transaminase (AST) (p=0.003) in the DFO group compared to the DFX group. In the DFX group, the mean daily dose over 1-year treatment was 28.7 ± 5.6 mg/kg/day, while, in the DFO group, the mean dose was 29.6 ± 6.6 mg/kg/day. The maximum doses of DFX and DFO used during the study period were 39.4 mg/kg/day and 43.5 mg/kg/day, respectively. There was no significant difference between the two groups in the total amount of blood transfusion (p = 0.166) and average iron intake (p = 0.227). After one year of treatment, significant reduction of serum ferritin levels was observed in the two groups (p < 0.001). The mean serum ferritin levels at the end of follow-up were comparable between the two groups (p = 0.673). The median percent reduction was 47.2% (range: -1.2 -69.1%) with DFX compared to 50.3% (range: -7.7 -61.2%) with DFO (p = 0.315). The proportion of patients with post-treatment serum ferritin level < 1500 µg/L was 17 cases with DFX (56.7%) compared to 19 cases (63.3%) with DFO (p = 0.598). Post-treatment levels of ALT and AST were significantly higher in the DFO group (p = 0.022, p = 0.020, respectively), and the high levels were associated with HCV positivity. Blood urea was significantly higher in the DFX group (p < 0.001), however the levels were within the clinically accepted range. Serum creatinine, absolute neutrophilic and platelet counts showed a non-significant difference between the two groups ( Table 2) . Regarding drug-related adverse events, no cases of neutropenia, arthropathy, pulmonary toxicity, or mortalities occurred during the study. Other adverse effects of DFO as irritation and swelling at the injection site, and allergic reactions were minor, and did not lead to discontinuation of treatment. No audiological or ophthalmological toxicities were recorded. DFX related-gastrointestinal disturbances also were minor and caused no discontinuation of treatment. Throughout the study, all patients were compliant with the prescribed doses, and no discontinuation of drugs or drop-out of follow-up occurred. 
Results
Discussion
Thalassemia major is a growing health and economic problem in the Mediterranean region, with the modified guidelines for transfusion and iron chelation that improved survival of these patients. Iron overload and hemosiderosis are the major causes of morbidity and mortality, and therefore effective iron chelation remains the target of research that aims to reducie serum ferritin levels to between 500 and 1500 µg/L, which matches transfusional iron loading and maintains acceptable hepatic and cardiac iron load with fewer side effects (17) . We aimed at comparing the available iron chelators DFX and DFO regarding their efficacy for reducing serum ferritin and any adverse effects in a prospective, randomized study conducted at a single tertiary center accepting referrals from throughout Egypt. The patients who were included were randomized to treatment with either of the chelating agents studied after a washout period, and the baseline ferritin levels were comparable between the two groups (p = 0.255). The mean reduction in serum ferritin and the number of patients reaching target levels below 1500 µg/L were not statistically different (p = 0.315 and 0.598, respectively). DFX has the advantage of oral administration with longer half-life that allows once-daily dosing, and it is generally well-tolerated. Its efficacy is dose dependent, the development of this chelator involved well-planned and vast clinical trials, leading to many studies that showed the effectiveness of DFX in decreasing ferritin and liver iron concentration (LIC) (9, 14, (21) (22) (23) . The development of adverse effects seems to be idiosyncratic and not dose dependent (22) . Its most serious side effect is renal impairment that is indicated by a decrease in creatinine clearance to less than 40 ml/min, albuminuria or an increase in serum creatinine above one third its baseline value or above the age-related upper reference values (9) . Other common side effects are gastrointestinal disorders, skin rashes, and increase of hepatic transaminases (9, 14) . Rare side effects include anaphylaxis, cytopenias, Fanconi type nephrotic syndrome, gastrointestinal ulceration and hemorrhage, impaired hearing, and ophthalmological problems (24) . Taher et al. had presented reassuring safety data (22) , also Pennell et al. in the large EPIC trial, demonstrated the efficacy of DFX in the improvement of myocardial iron (25) . Regular administration of DFO has been shown to lower serum ferritin levels (9) , to keep LIC at acceptable levels, to maintain heart function (26, 27) , and to improve survival rates (28) . Its adverse effects include local reactions that are managed by local anesthetics or topical steroids, growth delay, and bony abnormalities due to epiphyseal dysgenesis, impaired hearing and visual disturbances, and sepsis, such as Yersinia enterocolitis and Klebsiella infections (20, 29, 30) . Ophthalmologic and audiologic toxicities are more likely to occur when the DFO dose is high relative to the iron burden. The risk of these side effects can be minimized by maintaining the ratio of deferoxamine dose (mg/kg) to the serum ferritin level at less than 0.025 (20) . On studying the safety of both agents, our study did not record any serious adverse effects to either drugs, and no discontinuation occurred. Serum transaminases were significantly higher with DFO (p = 0.022 and 0.020 for ALT and AST, respectively). Blood urea was higher with DFX (p < 0.001), however the levels were within the clinically-accepted range. Serum creatinine, absolute neutrophilic and platelet counts were comparable between the two groups (p = 0.148, 0.434, and 0.523, respectively). Gastrointestinal upset and skin rash occurred more frequently with DFX (p = 0.254 and 0.095, respectively). Therefore, both drugs have comparable safety profiles, as the adverse effects noted did not reach clinical significance or lead to discontinuation of treatment with either agent. In the light of the comparable efficacy and safety of both agents for the reduction of iron overload, as was reported in the monotherapy of patients with transfusion-dependent thalassemia (31, 32) , the oral preparation merits convenience and therefore patient compliance and adherence to treatment regimen that needs to be taken on a long-term basis.
Conclusions
With appropriate dosing and compliance with drugs, DFX and DFO are generally well tolerated, safe, and effective in reducing serum ferritin levels in iron-overloaded, regularly-transfused thalassemia major patients. The oral DFX is recommended due to more convenience to assure adherence to treatment regimen.
